The role of surface phagocytosis in antibacterial defense has been described in previous publications (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Its destructive action upon certain common species of encapsulated bacteria in the absence of type-specific antibody has been confirmed by a number of investigators (14--17) . Recently, however, Lerner (18) has reported findings which fail to substantiate these earlier studies. He has criticized them as not having been sufficiently quantitative. Francis (19) also has questioned the significance of surface phagocytosis in pneumococcal infections on the grounds that it may be of only "limited efficiency."
The publication of Lerner's paper has prompted us to repeat his experiments as exactly as possible. By so doing, we have determined the factors which account for the conflicting observations. In addition, we have gained further knowledge as to the quantitative aspects of surface phagocytosis, by repeating previously reported in ~qtro tests, using a more precise method for recording the end results of the phagocytic reaction. The data thus obtained confirm the findings originally reported and further support the conclusion that surface phagocytosis provides an important mechanism of natural defense in infections due to pneumococcus (2, 9) . Methods Bacterial Strain~.--Two strains of organisms were used in the phagocytic tests. The first was the A-5 strain of pneumococcus type I employed in earlier studies (20) . Stored in rabbit blood under vaseline as previously described (20) , it was subjected to mouse passage at frequent intervals to maintain maxdmum capsule formation. The second was a rough pneumococcus (strain R36NC 1) possessing no demonstrable capsule but originally derived from a type II pneumococcus. It was stored in the same manner but was not passed serially in mice.
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SURFACE PHAGOCYTOSIS
C~ltural Methods.--All cultures were made in beef infusion broth containing 10 per cent sheep serum and 0.2 per cent dextrose. Transfers 2 were made from 16 hour broth cultures and were incubated for 4 hours at 37°C. before being harvested.
Baclerial S~pcnsion,--The organisms centrifuged from 5 ml. of each 4 hour culture were washed twice in iced gelatin-Locke's solution (21) and the final centrifugate was diluted so that each ml. contained 2 X 10 t° pneumococci. 8 All procedures were performed at approximately 4°C. in order to minimize loss of capsular material from the pneumococcal cells. Centri/ngations were carried out in an International refrigerated centrifuge (PR 2) equipped with an angle head (No. 813a), and driven at a rate of 3000 R.P.~t. (1500 g) for 30 minutes. The Krebs-gelatin solution used by Lerner (18) was substituted for the gelatin-Locke solution in several experiments. It was found, however, to be unsatisfactory because its gelatin content was so high that it solidified when cooled to 4°C.
Le~wocyter.--Leucocytes were obtained from 21-hour-old peritoneal exudates produced in albino rats by intraperitoneal injections of a sterile mixture of starch-aleuronat and tryptose phosphate broth. A detailed description of the method used has been published elsewhere (2). 4 The ceils were washed from the peritoneal cavity of each of four rats with 15 ml. of iced gelatin-Locke's solution cont~ning heparin in a concentration of i rag. per cent. After being washed once more in this solution all four of the cell centrifugates were pooled and brought to a volume of 5 ml. A cell count was performed on this last suspension, and an aliquot containing 5 X l0 s cells was again centrifuged. When the supernatant was removed, the final volume of packed cells was 0.3 ml. Centrifugation of the leucocytes (unless otherwise stated) was performed in the refrigerated centrifuge with a horizontal head spun for 5 minutes at 800 R.P.~. (150g). Throughout all of the procedures the cells were kept in the cold to preserve their functional activity.
Cell-Pne~mococcus Su~pensi~m.--A volume of 0.05 ml. of the pneumococcal suspension containing 2 X 10 t° organisms per ml. (or a total of 1 X 109 pneumococci) was added to the 0.3 nil. of cell centrifugate which contained 5 X l0 s leucocytes. The combined suspension was then thoroughly mixed, and a stained smear was made for study of: (a) the condition of the leucocytes, and (b) the differential leucocyte count. The average ratio thus obtained was 2 pneumococci per cell. The cell population contained approximately 70 per cent polymorphonuclear leucocytes.
In those experiments in which Lerner's method (18) was followed, equal volumes of a pneumococcal suspension containing 1 X 10 t° organisms per ml. and a leucocyte suspension containing 1 X l0 s cells per ml. were mixed in a similar manner. The resulting cell-pneumococcus ratio was 1 to 100. The concentration of cells in these mixtures, however, was only between 5 × 106 and 5 × 107 per ml., whereas in the standard method, outlined above, the concentration of cells was approximately 1.5 X 109 per ml. In other words, the cellular concentration in the standard method was 30 to 300 times greater than in Lerner's. The critical effect of this difference is indicated by the comparative experiments described below.
Phagocytic Tests.--Three different techniques were used to test for phagocytosis. (a) On Filter Paper.--To test for surface phagocytosis the originally described filter paper method (2) was modified as follows to increase the precision of the test. Each sample of filter paper used (standard American No. 42700, A. S. Aloe Co., St. Louis,)~ was cut to a size of 1 by 2 cm., and was placed on a coverslip contained within a Petri dish lined with filter 2 In each transfer 0.5 ml. of culture was added to 4.5 ml. of fresh broth. 8 The bacterial counts were made in a Petroff-Hausser chamber. 4 Treatment of the injected rats with sulfapyridine to prevent infection of the exudate was found to be unnecessary and therefore was not carried out in the present experiments.
5 The brand of filter paper used by Lerner (Whatman No. 42) was also tested and was found to yield identical results.
paper saturated with gelatin-Locke's solution to prevent drying. After the test sample of falter paper had been moistened with 0.01 ml. of gelatin-Locke's solution, 0.03 ml. of the cold cell-pnenmococcus suspension was evenly spread over its surface. 6 The Petri dish was then promptly sealed with adhesive tape and incubated at 37°C. for 30 minutes. At the end of the period of incubation the test sample of filter paper was transferred to an iced Petri dish and was washed thoroughly with 0.5 ml. of cold gelatin-Locke's solution containing heparin. The washings were centrifuged for 3 minutes (150 g), the supernatant was discarded, and the centrifugate was thoroughly mixed with a drop of 3 per cent gelatin-0.9 per cent saline solution. The final exudate was washed from the filter paper and centrifuged in order to separate the leucocytes from the extracellular bacteria7 The gelatin was added to sharpen the outline of the leucocytes in the stained smears, which were prepared by the standard coverslip method and were stained with Loeffter's alkaline methylene blue.
(b) On Glass.--To test for phagocytosis on glass the same procedure was followed except that a glass slide was substituted for the coverslip-mounted filter paper. Care was taken to spread the same volume of ceU-pneumococcus suspension (0.03 ml.) over the same surface area (1 by 2 cm.) as in the filter paper method.
(c) In Roller Tube.--To determine the quantitative effect of motion upon the phagocytosis of pneumococcl on glass, tests were also carried out by a roller tube method (22) . A volume of 0.1 ml. of the pneumococcus-cell mixture was placed in a 7 by 44 ram. test tube which was stoppered and rotated parallel to the shaft of the motor at a rate of 9 R.~,.x¢. for 30 minutes at 37°C. Smears were prepared directly from the rotated suspension and were stained as in the other phagocytic tests. Test for Viability of Zeucocytes.--A gross measure of the viability of the polymorphonudear leucocytes at the end of each phagocytic test was determined by their uptake of trypan blue (24) .
Mahocl of Re, cording Pttagocytosis.--In
Nomendalure.--The term "standard method," as it refers to phagocytic tests, is used throughout this report to indicate the method generally followed in earlier studies (2, 4) and further refined as described above. The method was originally designed to approximate as closely as possible the conditions which commonly obtain in naturally occurring pneumococcal exudates.
RESULTS

A. Quantitative Measurement of Surface Phagocytosis.--
Since earlier experiments relating to surface phagocytosis h a v e been criticized b y L e r n e r (18) because of the fact t h a t t h e y did n o t include a q u a n t i t a t i v e m e a s u r e m e n t of the resulting phagocytosis, t h e y were repeated as described in the section on methods. T h e q u a n t i t a t i v e relationships revealed b y the per cent phagocytosis recorded in each of the tests (Table I) fully confirm the e The coverslip was placed beneath the test strip of filter paper to prevent absorption of additional fluid from the saturated filter paper in the bottom of the Petri dish (see question raised by Lerner in Addendum (18) ).
7 This important step was not carried out in any of Lerner's experiments. Its omission, as is emphasized below in the discussion, signiiicantly increased the counting error in those phagocytic tests in which the ratio of pneumococci to leucocytes was high, i.e., 100 to 1. earlier observation that the presence of a suitable surface upon which the leucocytes may operate is a critical factor in the phagocytosis of encapsulated pneumococci in the absence of opsonins (1-3, 5-13, 25) . The results also indicate that in the case of non-encapsulated (rough) pneumococci surface phagocytosis is of little significance (9, 25) . In systematic histologic studies of the pre-antibody phase of experimental pneumococcal pneumonia (9, 20, 26, 27) , appreciable phagocytosis of pneumococci has been shown to occur only in those portions of the lesion where the leucocytic exudate has become relatively concentrated (see Figs. 1 and 2) . Furthermore, it has been demonstrated that surface phagocytosis in vitro may be markedly inhibited by the addition of fluid to the test mixture of leucocytes and pneumococci (10) .
As already mentioned under methods, the exudate used in Lerner's phagocytic tests was between 30 and 300 times more dilute than that employed in the standard method (see Figs. 3 and 4) . The importance of this difference is shown by the experiments summarized in Table IL It will be noted that in the concentrated exudate, the fully encapsulated A-5 strain is resistant to phagocytosis on glass (in both stationary and moving preparations) but is relatively susceptible on filter paper (Fig. 5) . In the dilute exudate, employed by Lerner (18) , on the other hand, the encapsulated pneumococci are not phagocyted on either glass or filter paper (Fig. 6) .
C. The Inhibition of Phagocytosis Resulting from the Presence of an Excessive Number of Pneumococci.--
Lemer (18) has also criticized the earlier studies of surface phagocytosis on the grounds that the ratio of pneumococci to cells was too low to achieve optimal phagocytic activity. He has contended that this ratio should be at Table III , such a high concentration of virulent pneumococci markedly inhibits phagocytosis when the exudate is sufficiently concentrated to allow surface phagocytosis to take place at lower pneumococcus-leucocyte ratios ("standard" exudate).
This inhibitory effect has been previously described (8) . At the conclusion of phagocytic tests with concentrated exudates in which such a high bacteriumleucocyte ratio is employed, between 60 and 85 per cent of the leucocytes a r e found to be non-viable as indicated by the trypan blue test (24) . In contrast, the nuclei of less than 5 per cent of the leucocytes are stainable with trypan blue when either (a) the ratio of pneumococci to cells is maintained at approximately the 2 to I level adhered to in the standard procedure, or (b) the mixture is diluted to the concentration used by Lerner (18) . In the latter mixtures, as stated above, surface phagocytosis does not occur because of the dilution factor. It may be concluded therefore, that the inhibitory effect of the high pneumococcus-cell ratio in the concentrated mixtures is due to a toxic action of the virulent organisms upon the leucocytes.
D. The Effect of Parahydroxybenzoic Acid upon the Phagocytosis of Fully Encapsulated Pneumococci.--
Lerner and Victor (28) have suggested that the phagocytosis of pneumococci on filter paper is due to the presence of traces of parahydroxybenzoic acid in the paper rather than to the surface provided for the phagocytic action of the leucocytes. To test their hypothesis, we have exposed fully encapsulated pneumococci (type I--strain A-5) to parahydroxybenzoic acid and have subjected them to the standard phagocytic tests on glass and filter paper. The concentration of parahydroxybenzoic acid (1 rag. per ml.) and the conditions of exposure (30 minutes at room temperature) were those advocated by Lerner and Victor (28) . The data recorded in Table IV indicate that such treatment only slightly increases the susceptibility of virulent pneumococci to phagocytosis on glass. The resulting phagocytic reaction does not approach in intensity that which occurs on filter paper. The susceptibility of pneumococcus to phagocytosis is determined primarily by the state of its capsule (29) . Furthermore, in its virulent form it is known to be fully encapsulated when multiplying in infected tissues (20) . Accordingly, in vitro studies of the ingestion of pneumococd by phagocytic cells are relatively meaningless unless the organism is handled in such a way as to preserve the integrity of its capsular gel.
To assure the maximum encapsulation of pneumococci it is necessary (a) to pass them through mice at frequent intervals, (b) to grow them under optimal cultural conditions, (c) to avoid subculturing them repeatedly on artificial media, (d) to preserve them in the cold (to minimize the diffusion of specific carbohydrate from their capsular surfaces (8)), and (e) to refrain from exposing them to chemical environments which may cause capsular injury (30) . Most of these precautions were not taken in Lemer's experiments (18) .
Equally important is the state of the phagocytic cells. They, too, must be handled with care.
Not only must the cells be obtained in such a way that they are not subjected either to physical or to chemical injury, but they should also be kept in the cold until the phagocytic tests are performed. Their concentration in the test mixtures is particularly critical. Only when crowded relatively close together, as in the inflammatory exudate of infected tissues (see Fig. 2 ), do they perform their phago-cytic function with maximum efficiency. This cell concentration factor has been shown previously (10) , as well as in the present experiments, to be crucial in surface phagocytosis. The fact that mere dilution of the exudate will inhibit or completely prevent surface phagocytosis appears to account for the relative inefficiency of antipneumococcal defenses in fluid-containing cavities such as those of the pleura, the pericardium, the peritoneum, and the subarachnoid space as compared to those of tissues with relatively dense architectures in which intercellular fluid is sparse (9, 25) .
Lastly, the end result of a given phagocytic reaction is often determined by the ratio of bacteria to cells (23, 31) .
Whenever the number of bacteria is great enough to cause injury to the phagocytes, the phagocytic process is inhibited. In the case of phagocytic tests with pneumococci, bacterium-cell ratios much greater than 2 to 1 will depress phagocytosis when the exudate is concentrated. This depressive effect in vivo may so upset the host-parasite balance as to alter drastically the outcome of the infection (8) .
For an in vitro phagocytic test to have meaning in relation to disease, the conditions of the test must simulate as closely as possible those which obtain in vivo. The present experiments have shown that the conditions of Lerner's phagocytic tests differed in several important respects from those of ordinary pneumococcal infections. Accordingly, interpretation of his experiments is difficult.
The fact that Lerner consistently recorded phagocytic indices of 16 per cent or above when the tests were performed on glass indicates either that the pneumococcus had lost its capsule as a result of being repeatedly subcultured on blood agar (18) , or that organisms lying on or beneath leucocytes were counted as having been ingested. The chances of introducing the latter error were, of course, greatly increased in all of the experiments in which there was an excessively high ratio of bacteria to leucocytes and in which the extracellular organisms were not removed by centrifugation (see Methods). Furthermore, comparison of phagocytic counts made by us and by Lerner on identical smears exchanged between the two laboratories have consistently shown marked discrepancies. In all smears which we have examined, for which he has recorded high phagocytic indices on glass, we have uniformly obtained counts of less than 1 per cent. It must be pointed out also that the high phagocytic indices which Lemer reports for phagocytic tests performed on glass surfaces in the absence of antibody have never been observed by other investigators (29) (30) (31) (32) .
The contention that leucocytes from whole blood should be used in phagocytic tests is also open to criticism. If the objective of an in vitro phagocytic experiment is to determine the mechanism by which a given species of microorganism is destroyed in infected tissues (2, 4, 9) , it is preferable to use leucocytes obtained from exudates since they are more closely akin to those present in the tissues. Buffy coat leucocytes, on the other hand, might well be used in in vitro experiments dealing with the intravascular cellular defenses which operate during bacteriemia (11) .
Lerner has suggested that the surface phagocytosis which occurs on filter paper may be due to the opsonizing action of traces of parahydroxybenzoic acid in the paper rather than to the surface provided the leucocytes (18, 28) . Although, as shown in the present experiments, previous exposure of encapsulated pneumococci to parahydroxybenzoic acid does increase slightly their susceptibility to phagocytosis on glass, the effect observed is not sufficient to explain the phagocytic reaction which occurs on filter paper. Furthermore, surface phagocytosis has been repeatedly demonstrated under experimental conditions in which the presence of parahydroxybenzoic acid was presumably excluded (1) (2) (3) (4) (5) . Finally, direct microscopic study of the non-antibody phagocytic process has revealed that the cells ingest the encapsulated bacteria either by trapping them against the surfaces of adjacent phagocytic cells (3, 4, 11) or by pinning them against other stationary surfaces provided by tissues (2, 4, 11) or fibrinous exudate (5).
The one condition most frequently ignored in phagocytic tests performed in vitro is that relating to the presence of surfaces comparable to those which exist in body tissues. The importance of such surfaces in determining whether or not fully encapsulated pneumococci are phagocyted in the absence of antibody has been conclusively demonstrated (1) (2) (3) (4) (5) (6) (7) (8) (9) . Emphasis has been placed on the fact, however, that surface phagocytosis is of significance only in the destruction of encapsulated bacteria ~vhich are relatively resistant to phagocytosis (9, 25) .
In discussing the mechanism of phagocytosis in the absence of antibody, Lemer makes no distinction between F_zcherichia coli, which is highly susceptible to phagocytosis, and Diplococcus pneumonia, e, type I which when fully encapsulated is resistant to phagocytosis except in the presence of a suitable surface or a sufficient concentration of opsonin. It is well known that phagocytosis per se does not necessarily lead to the destruction of such virulent bacteria as Mycobacterium tuberculosis, Salmonella typhosa, and Brucella abortus, all of which are readily ingested by phagocytic ceils. Their ultimate fate depends upon factors of intracellular immunity which are at present not fully understood (32) . Pneumococci and Friediander's bacilli, on the other hand, are usually destroyed promptly once they have been engulfed by polymorphonuclear leucocytes (2, 4, 9) or by macrophages (12) . Because of their capsules, however, they are ingested in the absence of antibody only as a result of surface phagocytosis. It has been concluded, therefore, that surface phagocytosis plays an important defensive role in the pre-antibody stage of infections caused by these organisms (9, 25) . Doubt has been expressed by Francis (19) as to the significance d surface phagocytosis in pneumococcal infections primarily because of its "limited efficiency." Although the bactericidal effect of surface phagocytosis in a given infection cannot be directly measured, there is abundant indirect evidence that it plays a dominant role in the pre-antibody stages of pneumococcal disease.
The degree of phagocytosis observed, for example, in the pneumonic exudate shown in Fig. 2 strongly suggests that polymorphonudear leucocytes in infected alveoli provide a relatively efficient defense against the invading organisms. Since such phagocytosis has been shown to occur in the absence of demonstrable opsonins, and since the only known mechanism by which fully encapsulated pneumococci can be ingested in their absence is that of surface phagocytosis, it appears logical to conclude that the surface mechanism is responsible for the phagocytic properties of the exudate. More direct evidence of the protective role of surface phagocytosis has been obtained in recent experiments dealing with the curative action of penicillin (13) . In a study of experimental myositis produced with types I and III pneumococci, comparative bacterial counts made serially from the lesions have revealed that type III pneumococci, which, unlike type I, are resistant to surface phagocytosis during their logarithmic phase of growth, reach maximum population densities about 100 times greater than those attained by type I pneumococci. The significantly lower counts reached in the type I lesions appear to be due to the bactericidal effect of surface phagocytosis. Similarly, when the rate of destruction of type I pneumococci during penicillin therapy is measured in myositis lesions heavily infiltrated with leucocytes, it is found to be considerably more rapid than that which takes place in analogous acellular lesions produced in granulocytopenic animals. Serial histologic observations indicate that this difference is likewise due to the bactericidal action of surface phagocytosis.
From all these findings it appears justifiable to conclude that surface phagocytosis plays a major role in natural antipneumococcal defense except under conditions in which the leucocytic exudate is so dilute that phagocytosis cannot readily occur (9, 25, 33) . Strong evidence in support of this conclusion has been obtained by direct visualization of surface phagocytosis in vivo during pneumococcal and Friedlander's bacillus bacteriemia (11) .
SUMMARY
Experiments recently reported (18) have been interpreted to indicate that surface phagocytosis plays no significant part in natural antipneumococcal defense. A repetition of these experiments has revealed: (a) that the cellular content of the leucocytic suspensions used in the phagocytic tests was of a different order of magnitude from that of the exudates which usually exist in infected tissues, (b) that the suspensions were too dilute to allow surface phagocytosis of pneumococci to occur, and (c) that the ratio of bacteria to leucocytes. was such that, when a sufficiently concentrated exudate was employed, the pneumococci injured the leucocytes and thus prevented phagocy~osis from taking place.
When conditions of the tests were suitably controlled, and conventional quantitative methods were employed to measure the end results of the phagocytic reaction, the essential observations relating to surface phagocytosis were fully confirmed. The significance of this non-antibody mechanism of defense in pneumococcal infections was thus further substantiated. FIc. 6. Failure of pneumococci to be phagocyted in dilute exudate incubated on filter paper. No centrifugation to eliminate extraceIIular bacteria. Methylene blue stain. × 1000.
